S_ry We have shown that addition of exogenous A-aminolaevulinic acid (ALA) to rat pancreatoma AR4-2J cells in culture leads to the increased production of porphobilinogen (PBG) and the accmulation of photoactive protoporphyrin IX (PPix) in these cells. Exposure to light (A> 400 mm) at an intensity of 0.2 mW cm-2 for 8 min resulted in an ALA dose-dependent cytolysis of the cells, with an EC50 of 6.6 ± 0.7 LM.
Photodynamic porphyrins are found to occur naturally in many cell types. Of these, protoporphyrin IX (PPix), one of the most effective endogenous photosensitisers, is present at low concentration in normal cells but occurs at higher concentration in tumour cells (van Hillegersberg et al., 1992) . The biosynthesis of PPix can be enhanced by the exogenous administration of the amino acid 6-aminolaevulinic acid (ALA), especially in tumour cells, a pathway that offers promise for exploitation in photodynamic therapy (Pottier et al., 1986; Malik and Lugaci, 1987) .
The purpose of the present investigation was to determine whether endogenous PPix produced from exogenous ALA in rat pancreatoma AR4-2J cells can achieve a sufficient concentration to serve as a cytolytic agent following photoactivation. Light-activated PPix exerts its tumonrcidal effect presumably by the generation of singlet oxygen (102), a short-lived excited state of molecular oxygen which reacts with membranous structures, lipids and proteins (Weishaupt et al., 1976) . The present study verifies the generation of 102 by PPix and also shows that ALA does not itself contribute directly to 102 production, thus confiuming that it is the endogenously generated PPix, not the ALA, that mediates the cellular phototoxicity.
Recently, it has been proposed that the physiological dicarboxylic porphyrins, notably PPix, are endogenous ligands for the mitochondrial benzodiazepine receptor (MBR), an 18 kDa protein located on the outer mitochondrial membrane and mediating a wide range of physiological effects (Verma et al., 1987) , including modulation of mitochondrial respiratory control (Hirsch et al., 1988) , inhibition of cellular proliferation (Stepien et al., 1991) and induction of cellular differentiation (Wang et al., 1984a) . The MBR has been implicated in the translocation of PPix and haem across mitochondrial membranes, presumably by way of the anion channel, porin, an integral part of the MBR (Anholt, 1986) . Centrally acting benzodiazepine compounds such as clonazepam and flumazenil have minimal affinities for the MBR, but the peripherally active ligands Ro5-4864 and PK1195 will bind to the MBR with high affinity, and both will displace the endogenous ligand PPix (Verma et al., 1987) . In the present investigation the abilities of these MBR ligands to interfere with phototoxicity elicted by exogenous ALA in the AR4 2J cells were compared with the effects of those centrally acting benzodiazepine ligands possessing a low affinity at the MBR. A role for the MBR in ALA/PPix-mediated phototoxicity is proposed from the findings of this study, some of which have been reported in brief previously (Ratcliffe and Matthews, 1994) .
Materials and metdods
Cell culture AR4-2J cells, derived originally from a rat pancreatoma (Longnecker et al., 1979) , were routinely cultured to a subconfluent monolayer in RPMI-1640 medium (Gibco) supplemented with 10% fetal bovine serum, 1% L-glutamine, and 1% penicillin-streptomycin (ICN Flow) and maintained at 37-C in humidified 95% air/5% carbon dioxide. Cells were passaged at 80% confluence and used at 80-90% confluence by harvesting with 0.025% EDTA and 0.25% trypsin (ICN Flow). Cells were resuspended in serum-free medium and seeded in 96-well plates at a seeding density of 5-7 x I0 cells ml 1. Cells were allowed to attach in the presence of ALA for 24 h prior to illumination. In experiments with the benzodiazepine compounds, the cells were incubated for 24 h in 96-well plates in the presence of benzodiazepine before replacing the medium with that containing both ALA and the benzodiazepine. The cells were usually illuminated 24 h after the addition of ALA. Non-illuminated control plates were set up in parallel. Porphyrin determination Porphobilinogen (PBG) was measured using a colorimetric assay (Mauzerall and Granick, 1956 ) following a procedure described by Shedlofsky et al. (1987) . Medium was removed from AR4-2J cell cultures grown in the absnce or in the presence of 20 gM, 5OIM or I00 M ALA, for either 24 h or 48 h, and discarded; the cell monolayer was rinsed once in phosphate-buffered saline (PBS) and the cells were scraped into I ml of 1.2 M perchloric acid and centrifuged at 250g for 5 min. A I ml volume supernatant was then added to 1 ml of modified Ehrlich's reagent [1 g of p-dimethylaminobenzaldehyde (Sigma) in 30 ml of glacial acetic acid and 16ml of 70% perchloric acid, diluted to 50ml with glacial acetic acid] and the absorbance determined after 4 min at 595 nm. PBG content was determined from a standard curve of PBG (0.5-25 gM).
Cellular PPix concentration was determined spectrophotometrically (Henderson and Donovan, 1989 (Figure 1 ). This time dependence was evident whether cells were grown in either serum-free or serum-containing medium. In other experiments, illumination of AR4-2J cells grown in serum-containing medium and pretreated with 10 pM ALA for 8 min, at 0.2 mW cm-2, resulted in a <40% reduction in cell survival, i.e. to 62.0 ± 1.0% that of control values (P<0.05, n = 8), whereas exposure to a light intensity of 0.47 mW cm-2 for the same illumination time led to a more than 80% reduction in cell survival, i.e. to 16.0 ± 2.0% that of control values (P<0.005, n = 8). Control values were defined by cell survival in the absence of both light and ALA.
The dose dependence of ALA-mediated phototoxicity was established in serum-free medium using an illumination time of 8 min, yielding an EC of 6.6 ± 0.7 pM. There was a small decrease in the survival of non-illuminated control cells, but ., ALA-mediated phototoxicity (Figure 5a ), the EC_% of phototoxicity for ALA alone, 6.6 ± 0.7 gM, being increased minimally to 6.8 ± 0.8 JM and 7.4 ± 0. (P<0.01, n = 6) respectively. PK 1195 also produced a small decrease in cell survival, of 13 + 1% and 17 ± 1% at IOJM and 20JM (P<0.01, n =6) respectively, whereas Ro 5-4864, diminished cell survival by 15±0.5% at 1OJ1M (P<0.01, n = 6) and by 30 ± 1% at 20JM (P<0.005, n = 6).
The present results demonstrate clearly that rat pancreatic tumour AR4-2J cells can be inactivated by light following exposure to an ALA-enriched culture medium for 24 h. This photoinactivation is mediated by the photodynamic effects of endogenous porphyrins, in particular PPix, and is dependent on the light intensity, duration of illumination and concentration of precursor, ALA. Although the results described here show the effects following 24 h exposure to ALA, we have also noted that photodynamic effects can be observed after as little as 4 h exposure to ALA. This is consistent with the findings of in vivo studies in which there was measurable porphyrin accumulation and photodynamic action evident 3 -4 h after exposure to ALA in tumours of stomach, colon and bladder mucosa (Bedwell et al., 1992; Loh et al., 1993) .
ALA is an essential component of porphyrin biosynthesis in all cells. The intramitochondrial generation of ALA by ALA synthase (ALA-S) is the rate-limiting step normally repressed by the end-product haem. ALA is condensed by ALA dehydratase (ALA-D) to yield the pyrrole porphobilinogen (PBG), deamination of which to uroporphyrinogen by PBG deaminase (PBG-D) is thought to be a secondary rate-limiting step, and overactivity of which may lead to an excess of photosensitising prophyrin products. PPix is formed by successive decarboxylation and re-entry into the mitochondrion of the intermediary porphyrinogens. Ultimately haem is formed by the insertion of ferrous iron. The enzyme responsible for the incorporation of iron into PPix and the formation of haem is ferrochelatase, a deficiency of which will result in the accumulation of photoactive PPix and cellular photodamage. In fact, not only has a low ferrochelatase activity been recognised in malignant cells (Rubino and Rasetti, 1966; van Hillegersberg et al., 1992) , but, in the more recent study, the activity of PBG-D, the enzyme responsible for the deamination of PBG to uroporphyrinogen, was also shown to be elevated. These reciprocal changes in enzyme activity may together lead to a considerably enhanced accumulation of photoactive porphyrins in tumour cells, making them particularly susceptible to photolysis and hence a prime target for photodynamic therapy.
Both the intermiary metabolite of porphyrin biosynthesis, PBG, and the end-product, PPix, have been identified in rat pancreatic tumour cells of the AR4-2J cell-line used in this study. (Sandberg and Romslo, 1980) . Photoactivated PPix will also destroy Friend erythroleukaemia, myelocytic leukaemia, Burkitt lymphoma and mastocytoma cells (Malik and Djaldetti, 1980) . PPix binds to the mitochondrial benzodiazepine receptor (MBR) with high affinity, the A for displacement of benzodiazepine ligands being 15 nM (Verma et al., 1987 (Katz et al., 1988) , and in ovarian neoplasms 3-5 times that of normal or benign tissue (Katz et al., 1990) . Activation of the MBR by the endogenous ligand, PPix, may therefore play an important role in tumour cell metabolism per se. PPix itself has also been shown to be antiproliferative in mouse spleen lymphocytes (Stepien et al., 1991 
